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Edited by Thomas C. Südhof, The University of Texas Southwestern Medical Center, Dallas, TX, and approved March 30, 2007 (received for review
December 21, 2006)

Postnatal migration of interneuron precursors from the subventricu-
lar zone to the olfactory bulb occurs in chains that form the substrate
for the rostral migratory stream. Reelin is suggested to induce de-
tachment of neuroblasts from the chains when they arrive at the
olfactory bulb. Here we show that ApoER2 and possibly very-low-
density lipoprotein receptor (VLDLR) and their intracellular adapter
protein Dab1 are involved in chain formation most likely independent
of Reelin. F-spondin, which is present in the stream, may act as ligand
for ApoER2 and VLDLR. In mice lacking either both receptors or Dab1
chain formation is severely compromised, and as a consequence the
rostral migratory stream is virtually absent and neuroblasts accumu-
late in the subventricular zone. The mutant animals exhibit severe
neuroanatomical defects in the subventricular zone and in the olfac-
tory bulb. These data demonstrate a cell-autonomous function of
ApoER2, and most likely VLDLR and Dab1, in postnatal migration of
neuroblasts in the forebrain, which is suggested to depend on ligands
other than Reelin.

Reelin signaling � postnatal neurogenesis � tangential neuronal migration

The development of the olfactory bulb (OB) in rodents continues
after birth. Most interneurons differentiate from neuroblasts

generated postnatally in the subventricular zone (SVZ) of the
cerebral cortex and migrate to the OB along the so-called ‘‘rostral
migratory stream’’ (RMS) (1). Whereas the majority of these
neuroblasts originate and migrate during the early postnatal period,
the process continues throughout life (2). Neuronal migration in the
RMS occurs by formation of chains that are ensheathed by glial cells
and their processes (3). In these chains, neuroblasts migrate along
each other in a saltatory fashion (4).

Migration along the RMS depends on the transcription factor
serum response factor (SRF) (5). In the absence of SRF, cells
destined for the OB accumulate in the SVZ because of a cell-
autonomous defect that might be caused by down-regulation of
actin and gelsolin, impairing the dynamics of actin microfilaments.
The polysialylated form of neural cell adhesion molecule (NCAM)
(6) mediates the interaction between migrating neuroblasts and
their environment (7, 8). Migration in the RMS is guided by the
repulsive action of Slit secreted by cells in the lateral septum and the
SVZ (9, 10), as well as by Netrin (11). Once in the OB, neuroblasts
switch from chain migration to radial migration, integrate into the
laminated structure of the bulb, and differentiate into granule and
periglomerular interneurons (2, 12). The switch from chain migra-
tion to radial migration seems to depend on the Reelin signal that
detaches neuroblasts from the chains (13). Reelin is expressed by
olfactory mitral cells (14), and Reelin-deficient mice have a dimin-
utive OB because of a reduction of the number of neurons and a
disorganization of the granular cell layer (Gcl) (15). Thus, it seems
that Reelin also orchestrates the lamination of the OB, as it does in
the cerebrum and other laminated structures (for reviews see refs.
16 and 17).

In the cerebrum, Reelin is crucial for correct positioning of
radially migrating neuroblasts via its binding to ApoER2 and
very-low-density lipoprotein receptor (VLDLR) (18, 19), which
triggers tyrosine phosphorylation of the adaptor Dab1 by re-
ceptor clustering (20). Binding of Reelin to the receptors and
subsequent phosphorylation of Dab1 are consecutive steps of a
linear pathway, because disruption of any of the corresponding
genes causes identical phenotypes in mice (21–24).

Here we report that the lack of ApoER2/VLDLR or Dab1
leads to a cell-autonomous migration defect in the RMS, which
is independent of the Reelin signal. Neuroblasts from mutant
mice lacking either receptors or Dab1 are unable to form chains
and accumulate in the SVZ. As a consequence, the RMS is
missing or is very rudimentary. This leads to severe neuroana-
tomical defects in the SVZ and in the OB of mutant animals.
Reelin is not present in the stream and does not play a role in
chain formation, but it seems to be involved in maintenance or
architecture of the RMS. F-spondin might be a candidate ligand
for ApoER2 and VLDLR in the RMS.

Results
ApoER2 and VLDLR and the associated machinery that trans-
duces the Reelin signal play major roles in allowing neuroblasts to
switch from chain migration to tangential migration within the OB
(13). Neuroblasts within the RMS expressed the ApoER2 protein
(Fig. 1 A and B), confirming in situ hybridization data (13). ApoER2
expression was already prominent in neuroblasts generated in the
SVZ (Fig. 1 A and C, open arrowheads), long before they reach the
bulb where the Reelin signal is generated (13). The ApoER2-
positive staining is specific, because it is absent in mice deficient in
ApoER2 and VLDLR (Fig. 1D). Close inspection of these mice,
however, indicated that the RMS was absent. To evaluate this
further, we examined the RMS in WT mice and mice lacking
defined components of the Reelin pathway. Sagittal sections of
brains from mice at postnatal day 17 (P17) were stained with
hematoxylin and with an antibody against doublecortin, a marker
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of the RMS (25); for the mutant animals only sections stained with
hematoxylin are shown. In WT mice, a well defined stream of
neuroblasts started at the SVZ and ended within the OB defining
the RMS (Fig. 2 A and B). In mice lacking ApoER2 and VLDLR
(Fig. 2C), Dab1 (Fig. 2H), carrying two Dab1 alleles (Dab1-5F) in
which the critical tyrosine residues are mutated to phenylalanines
instead of the WT alleles (26) (Fig. 2I), or functional Reelin (Fig.
2 J), the RMS was severely disrupted and neuroblasts accumulated
in the SVZ. The cells accumulating in the SVZ of reeler mice and
Dab1�/� mice still expressed ApoER2 [see supporting information
(SI) Fig. 8]. The lack of an RMS seen in reeler mice was surprising,
because in a previous study a stream that was fanning out just before
it reaches the OB was observed in these mice (13). To exclude the
possibility that the age of the mice examined made the difference,
we also looked at P61 (Fig. 2K). Again no stream could be detected,
but the accumulation of neuroblasts in the SVZ was less prominent.
Serial sagittal sections (5 �m) through the area that would contain
the entire RMS revealed that in all mutant animals some patches
or solitary individual neuroblasts can be identified migrating from
the SVZ toward the OB (data not shown).

Whereas ApoER2 was expressed by neuroblasts in the RMS (Fig.
1), VLDLR was not detected in this structure by in situ hybridiza-
tion (13) or by using a specific antibody (data not shown). Allelic
titration of both receptors, however, suggested the presence of
VLDLR within the RMS. The presence of one Apoer2 allele on a
Vldlr-null background was sufficient to develop an RMS and a SVZ
that were indistinguishable from that of WT mice (Fig. 2E and SI
Fig. 9B). The presence of one Vldlr allele on an Apoer2-null
background partially rescued the ‘‘RMS-less’’ phenotype (Fig. 2F,
black arrow): a faint RMS could be detected by serial sagittal
sections. The presence of two WT Vldlr alleles almost reestablished
the RMS (Fig. 2G). Most of the stream was restored, but some
neuroblasts still accumulated in the SVZ (SI Fig. 9D).

The accumulation of neuroblasts in the SVZ of mice lacking
functional Reelin, ApoER2/VLDLR, or Dab1 was also evident in
coronal sections (see SI Fig. 10). In comparison to WT mice, where
the SVZ appeared as a narrow band of cells, in mutant animals this
zone was significantly wider and densely packed with neuroblasts.

To investigate whether the lack of RMS formation also caused
accumulation of glial cells in the SVZ, we performed double-
staining for GFAP and doublecortin. Numerous GFAP-positive
cells were present in the region where neuroblasts accumulated in
the mutant mice (SI Fig. 11), indicating that not only neuroblasts,
but also accompanying glial cells, accumulated in the SVZ when no
RMS was formed. TUNEL analysis disclosed the presence of

apoptotic cells within the mass of accumulating neuroblasts (Fig. 3).
A 15-fold increase of apoptotic cells was found in the mutant SVZs
compared with the WT SVZ (five to eight matched sections from
three different animals for each genotype: WT, 0.22 � 0.2%; reeler,
3.42 � 0.5%; ApoER2�/�/VLDLR�/�, 3.56 � 0.9%; Dab1�/�, 3.6 �
1%; ***, P � 0.0005). There was no significant difference in
apoptosis among the mutant SVZs (P � 0.1).

To define the impact of the loss of the RMS on the structure of
the OB, we analyzed the mature bulbs of the respective mutant
mice. First, we prepared coronal sections as schematized in Fig. 4J
and estimated the number of cells present in the Gcl including the
ependymal zone (EZ) on hematoxylin-stained sections (Fig. 4I).
The structure of the WT bulb is characterized, from the center to
the periphery, by a cell-dense center (EZ), followed by the Gcl,
separated from the external plexiform layer by a well defined layer
of mitral cells (27). The outermost structure is the glomerular layer
that contains calretinin- and calbindin-positive neurons derived
from the RMS (1). Hematoxylin (Fig. 4A) and immunohistochem-
ical staining for ApoER2 (Fig. 4E) of a WT OB confirmed
expression of ApoER2 in mitral cells (14) and demonstrated that
most cells present in the EZ were immunopositive for ApoER2
(compare to Fig. 1), indicating that these cells derived from the
RMS. The OBs from reeler, ApoER2�/�/VLDLR�/�, and Dab1�/�

mice contained only 60% of the number of cells in the Gcls

Fig. 1. Neuroblasts migrating within the RMS express ApoER2. Sagittal
sections (5 �m) of the forebrains from WT mice (A–C) and from ApoER2�/�/
VLDLR�/� mice (D) were immunostained with a polyclonal antibody against
ApoER2. The RMS is highlighted by arrows, and the SVZ is highlighted by open
arrowheads. Ctx, cortex; LV, lateral ventricle; St, striatum. (Scale bars: 500 �m.)

Fig. 2. Ablation of critical components of the Reelin signaling pathway leads
to loss of the RMS and accumulation of neuroblasts in the SVZ. Sagittal sections
(5 �m) of the forebrains of WT (A and B), ApoER2�/�/VLDLR�/� (C and D),
ApoER2�/�/VLDLR�/� (E), ApoER2�/�/VLDLR�/� (F), ApoER2�/�/VLDLR�/� (G),
Dab1�/� (H), Dab1-5F (I), and reeler (J) mice at P17 and reeler mice (K) at P61
were stained with hematoxylin (A and C–K) or with an antibody against
doublecortin (B). Sections were taken from three to five independent animals
from each of the genetic backgrounds, and representative sections are dis-
played. (Scale bars: 500 �m.) Arrows are used to highlight the RMS.
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compared with their WT counterparts (Fig. 4I) (Number of cells in
the granular zone in 5-�m sections from two to three animals per
background was normalized to the WT values: WT, 1.00 � 0.07;
reeler, 0.59 � 0.05; ApoER2�/�/VLDLR�/�, 0.59 � 0.1; Dab1�/�

0.58 � 0.06; ***, P � 0.0005). This effect was mostly due to a
dramatic reduction of cells present in the mutant EZs. This finding
was confirmed by BrdU staining. Animals were injected with BrdU
at P12, and the SVZ and the OBs were analyzed at P17. In WT mice,
the EZ of the OB was filled with BrdU-positive cells (Fig. 5A), and
the corresponding SVZ was represented by a thin layer of neuro-
blasts (Fig. 5a). In reeler, ApoER2�/�/VLDLR�/�, and Dab1�/�

mice, the BrdU-positive staining was dramatically reduced in the
EZ of the bulb (Fig. 5 B–D) and increased in the respective SVZs
(Fig. 5 b and c). Quantification of calbindin- and calretinin-positive
cells (SI Fig. 12) in the glomerular layers disclosed a 3-fold
reduction of calbindin-positive cells per glomerulus and an �2-fold
reduction of calretinin-positive cells in all mutant animals.

To evaluate whether a migration defect was responsible for the
lack of the RMS, migration assays in three-dimensional extra-
cellular matrix substrate (Matrigel) of SVZ explants were per-
formed to study chain formation and tangential migration of
neuroblasts in vitro (4). For quantification of the effects, the
average migration distance (length of chains) was measured (Fig.
6F), and the number of individual cells per field was counted
(Fig. 6G). Explants from WT mice extended robust chains
consisting of migrating neuroblasts and glial cells (4), which,
after 50 h, reached an average length of 262 � 27 �m (Fig. 6A).
Under these conditions, very few individual neurons (11.4 � 7)
were present around the explant. Addition of Reelin caused

disintegration of the chains, confirming previous observations
(13) (data not shown). Chain development and neuronal migra-
tion in explants from reeler mice (Fig. 6B) were indistinguishable
from those seen in WT mice (chain length: 266 � 19 �m; WT,
n � 19; reeler, n � 16; explants from at least two animals per
genotype; P � 0.1), suggesting that Reelin is not crucial for the
formation of the chains or for the migration of the cells in chains.
In sharp contrast, the development of explants cultured from
ApoER2�/�/VLDLR�/� mice was dramatically different (Fig.
6C). Only a few neurons left the explants, and the few chains
formed were dramatically shorter than those in explants from
WT or reeler mice (107 � 47 �m, n � 20 explants from two mice;
***, P � 0.0005). Explants from Dab1�/� mice (Fig. 6D) and
Dab1-5F mice (data not shown) also developed differently from
WT explants. A significant number of neurons migrated out and
away from the explant, but most of them failed to form chains.
These experiments demonstrated that the lack of RMS forma-
tion in reeler mice is not due to a migration defect of neuroblasts.
In mice lacking either ApoER2/VLDLR or Dab1, the absence of
the RMS is caused by a migration defect and/or by the inability
of neuroblasts to form chains. To define whether this is a
cell-autonomous defect, explants from WT animals were in-
fected with an adenovirus to express EGFP and were cocultured
with explants derived from ApoER2�/�/VLDLR�/� mice. As
demonstrated in Fig. 6E, the presence of the WT explant did not
induce ApoER2�/�/VLDLR�/� neuroblasts to migrate out of the
explant and to form chains. These results demonstrated that the
lack of ApoER2 and VLDLR caused a cell-autonomous migra-
tion defect that is independent of the presence of Reelin. To
support this view, we examined the RMS of WT and reeler mice
(data not shown) for the presence of Reelin-expressing cells. The
reeler-Orleans mutant mice used in this study produce a truncated
Reelin protein that is not secreted from cells and thus can be
readily detected by immunostaining (28). As demonstrated in
Fig. 7, we confirmed previous findings that Reelin-expressing
cells are present neither at the origin of nor within the RMS (13,
29). However, areas adjacent to the stream contained a signif-
icant number of Reelin-producing cells.

What is the ligand for ApoER2 and VLDLR within the stream?
Because VLDLR and ApoER2 are promiscuous receptors (30), we
tested other ligands for their presence in the RMS. To this end, we
could demonstrate that F-spondin, which was recently identified as
a ligand for ApoER2 (31), is indeed present in the RMS as shown
by immunohistochemistry (Fig. 7B). This result was in agreement
with the genome-wide in situ hybridization results presented in the
Allen Brain Atlas (32). The specificity of the staining is further
documented by examination of ApoER2�/�/VLDLR�/� mice (Fig.
7C). Here F-spondin is confined to the area of accumulating cells
destined to form the RMS.

As outlined in the Introduction, mice lacking the gene for SRF
exhibit a similar phenotype most likely due to the down-
regulation of actin and gelsolin. Thus, we tested whether actin
and gelsolin are reduced in the forebrains of our mutants. As
demonstrated in SI Fig. 13, the expression levels of actin and
gelsolin are not significantly affected in reeler, ApoER2�/�/
VLDLR�/�, or Dab�/� mice compared with WT mice.

Discussion
Development of the OB in mice in part depends on postnatal
neurogenesis taking place in the SVZ. Tangential migration of
neuroblasts along the RMS ensures the integration of these cells
into structures of the OB. This mode of migration is character-
ized by the formation of chains containing migrating neuroblasts
and supporting glial cells. Here we have identified ApoER2 and
VLDLR as major components of the cellular machinery that
supports formation of the chains. In our hands the lack of Dab1
also compromises the formation of chains, which is in contrast
to a previous notion (33). Because explants from Dab1-5F mice

Fig. 3. Cell accumulation in the SVZs of reeler, ApoER2�/�/VLDLR�/�, and
Dab1�/� mice leads to increased apoptosis. Sagittal sections (5 �m) prepared
from the forebrains of WT (A), reeler (B), ApoER2�/�/VLDLR�/� (C), and
Dab1�/� (D) mice were analyzed for the presence of apoptotic cells by TUNEL
assays. (E) Apoptosis was quantified based on the percentage of TUNEL-
positive cells in the SVZ using five to eight matched 5-�m sections from three
animals from each genetic background. Plots show average � SEM. ***, P �
0.0005 (Student’s t test). (Scale bars: 50 �m.)
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have a similar phenotype we are proposing that the whole
complex comprising the receptors and Dab1 is involved in chain
formation. In mice lacking either both receptors or Dab1, chain
formation in the SVZ is defective without compromising the
generation of neuroblasts in the SVZ. This leads to an ectopic

accumulation of neuroblasts and glial cells in the SVZ accom-
panied by a significant increase of cell death. For two reasons this
defect cannot be due to interference with the classical Reelin
signaling pathway: first, SVZ explants derived from reeler mice
produced chains indistinguishable from those in WT explants;
second, activation of the pathway by Reelin in vitro leads to
disintegration of the chains (13).

Interestingly, the RMS of reeler mice is affected similarly, and the
observed phenotype seems to be more severe than previously
described (13). There, the reeler RMS was found to be normal from
its origin at the SVZ until shortly before it reaches the entrance
point of the OB, where it became wider and less defined. This
difference is presumably neither due to differences in genetic
backgrounds, because the same strain of reeler mutants was used in
both studies, nor related to the different ages of the animals
analyzed (adult animals versus P17 in our study), because in reeler
mice at P61 still no RMS could be found, although accumulation of
neuroblasts in the SVZ was significantly reduced compared with
P17, most likely because of apoptosis.

These results suggest a subdivision of the RMS formation into
four mechanistically distinct phases. First is formation of neu-
roblasts and accompanying glial cells in the SVZ from respective
precursor cells. This does not seem to be compromised by the
lack of Reelin or the ‘‘receptor/adapter’’ machinery. Second is
formation of chains, the substrate for the specific mode of
neuronal migration within the RMS. This step depends on the
presence of the receptor/adapter machinery but is independent
of Reelin, because regular chains are formed by reeler explants
in vitro. Third is bundling of the chains into a stream, and fourth
is maintenance and elongation of a defined RMS, in which
Reelin, expressed by cells in the vicinity of the stream, appears
to play an important role. Whether the entire Reelin-signaling
pathway is involved at this point cannot be answered from these

Fig. 4. OBs from reeler mice, ApoER2�/�/VLDLR�/� mice, and Dab1�/� mice have a reduced or vestigial EZ. Matched coronal sections (5 �m) derived from the OBs of
WT mice (A and E), reeler mice (B and F), ApoER2�/�/VLDLR�/� mice (C and G), and Dab1�/� mice (D and H) were stained with hematoxylin (A–D) or immunostained
for ApoER2 (E–H). The EZ (darker area inside the doted squares) is drastically reduced in the mutant OBs because of the disruption of the corresponding RMS (B–D).
(I) Quantification of the cell numbers present in the Gcl and EZ (normalized to the cell number in the Gcl of WT mice) displayed a 40% decrease in the mutant OBs.
Average cell numbers were calculated from 11 matched sections from two WT mice, 19 matched sections from three reeler mice, 18 matched sections from three
ApoER2�/�/VLDLR�/� mice, and 18 matched sections from three Dab1�/� mice. Plots show average � SEM. ***, P � 0.0005 (Student’s t test). (J) Schematic illustration
of a coronal section from an OB (Left) and a sagittal section of a forebrain (Right). (Scale bars: 500 �m.) Ctx, cortex; LV, lateral ventricle.

Fig. 5. Migration of newly generated neuroblasts is affected in the fore-
brains of mice carrying mutations in the Reelin signaling pathway. WT (A),
reeler (B), ApoER2�/�/VLDLR�/� (C), and Dab1�/� (D) mice received a BrdU
pulse at P12, and brains were collected at P17. Matched sagittal sections of the
forebrains were stained for BrdU-positive cells. Areas corresponding to the EZs
are marked by dotted frames. (a–d) BrdU staining of the corresponding SVZs.
(Scale bars: 500 �m.)
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experiments, because chains are not formed in ApoER2�/�/
VLDLR�/� and Dab�/� mice.

Because Reelin is not present in the SVZ or at the origin of the
RMS, the inability of neuroblasts lacking ApoER2 and VLDLR to
form chains must be Reelin-independent. This notion is in agree-
ment with the explant assays performed here (Fig. 6). Interestingly,
not only ApoER2 and/or VLDLR, but also their intracellular
adapter Dab1 and at least one of the tyrosines that are phosphor-
ylated upon Reelin stimulation, are needed for this function.
Whether phosphorylation of Dab1 is necessary for proper chain
formation or for other functions such as the ability of Dab1 to
regulate cell surface expression of ApoER2 and VLDLR (34) is not
clear yet. Mice lacking both receptors, lacking Dab1, or carrying the
Dab1-5F alleles have identical phenotypes, characterized by massive
accumulation of neuroblasts in the SVZ and the lack of stream
formation, but development of the respective explants in Matrigel
is different. A significant number of neuroblasts lacking Dab1 do
migrate out of the explants but fail to form chains, whereas hardly
any neuroblasts leave the explant derived from receptor-deficient
mice, and the few chains formed are very short. This indicates that
Dab1 is dispensable for migration but necessary for chain forma-
tion. Coculturing WT with ApoER2�/�/VLDLR�/� explants dem-
onstrated that (i) the presence of the WT explant did not alter the
behavior of the mutant explant and (ii) none of the few cells leaving
the mutant explant is incorporated into WT chains.

An important question concerns the putative ligands of this
Reelin-independent function of the ‘‘receptor/Dab1’’ machinery

in chain formation and/or migration. Such a ligand would be
predicted not to act exactly like Reelin, because activation of the
classical Reelin signaling pathway leads to dissociation of the
chains (13). Here we have characterized F-spondin as an alter-
native ligand for ApoER2 and VLDLR present in the RMS.
Whether it stimulates Dab1 phosphorylation like Reelin does,
but lacks additional activity necessary for the full-blown Reelin
signal (35), or whether it acts as substrate for neuroblasts to
adhere to each other remains to be established.

The phenotype produced by the loss of components of the
ApoER2/VLDLR/Dab1 complex is very similar to that seen in
mice lacking SRF (5), in terms of both neuroanatomical abnor-
malities and the inability of SVZ explants to produce chains.
Srf-negative mice show a dramatic reduction in brain levels of
actin and gelsolin. Because none of the mice lacking components
of the Reelin pathway exhibit altered levels of actin or gelsolin,
we assume that the defect described here is independent of that
produced by the lack of SRF.

In summary, we have identified a function of the ApoER2/
VLDLR/Dab1 machinery that is independent of Reelin and
mediates neuroblast migration and chain formation in the SVZ.
Disruption of the machinery blocks postnatal neuronal migra-
tion from the SVZ to the OB and results in severe neuroana-
tomical defects in the OBs of affected mice.

Materials and Methods
Animals. WT mice on C57BL6/J or BalbC background, reeler-
Orleans mice on a BalbC background (36), Dab�/� mice on a

Fig. 6. Chain formation from explants of the SVZ is normal in reeler but
severely disturbed in ApoER2�/�/VLDLR�/� and Dab1�/� mice. SVZ explants
were prepared from P5 WT (A), reeler (B), ApoER2�/�/VLDLR�/� (C), and
Dab1�/� (D) mice and analyzed after 50 h in culture by measuring the length
of migratory chains (F, distance between the bases to the tips of the chains)
and the number of individual cells per field (G). For quantification 19 WT, 16
reeler, 20 ApoER2�/�/VLDLR�/�, and 21 Dab1�/� explants from two mice of
each phenotype were used. Plots show average � SEM. ***, P � 0.0001
(Student’s t test). (E) WT SVZ explants infected with EGFP adenovirus were
cocultured with explants from ApoER2�/�/VLDLR�/� mice. n.q., not quanti-
fied. (Scale bar: 50 �m.)

Fig. 7. Expression of Reelin and F-spondin in the RMS. (A) Reelin-positive
cells accompany the RMS. Sagittal sections (5 �m) prepared from the fore-
brains of WT mice were immunostained with an antibody against Reelin. The
RMS is highlighted by dotted lines. Reelin-positive cells are indicated by
arrows. (a) Schematic representation of the area shown in A. (Scale bar: 50
�m.) (B and C) F-spondin is present in the RMS and accumulates in the SVZ of
ApoER2�/�/VLDLR�/� mice. Sagittal sections (5 �m) prepared from the fore-
brains of WT (B) and ApoER2�/�/VLDLR�/� (C) mice were immunostained with
an antibody against F-spondin. (Scale bar: 500 �m.)
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C57Bl6/129Sv or BalbC background (22), Dab1-5F mice on a
C57Bl6/129Sv or BalbC background (26), and ApoER2�/�,
VLDLR�/�, and ApoER2�/�/VLDLR�/� mice on a C57BL/6J/
129Sv background were housed under standard conditions.

Histology and Immunohistochemistry. Animals were anesthetized
with a combination of xylazine/ketamine (10 mg/kg and 75
mg/kg, respectively) in 0.9% NaCl and immediately perfused
with 4% paraformaldehyde in PBS at 4°C. Brains were dehy-
drated and embedded in paraffin according to standard proto-
cols. Serial coronal and sagittal paraffin sections (5 �m) were
obtained and stained with hematoxylin following standard pro-
tocols. For immunohistochemistry dehydrated paraffin sections
were heat-treated with EDTA buffer-CC1 (Ventana, Tucson,
AZ) (pH 8.0) for 38 min at 95°C and incubated with the
Discovery System (Ventana) to expose antigenic epitopes. The
following primary antibodies were used: anti-doublecortin (C-18
goat polyclonal, 1:1,000; Santa Cruz Biotechnology, Santa Cruz,
CA), anti-GFAP (rabbit polyclonal, 1:500; Dako, Glostrup,
Denmark), anti-ApoER2 (no. 186 rabbit polyclonal, 1:1,000)
(20), anti-calretinin and anti-calbindin (1:500; Sigma, St. Louis,
MO), and anti-F-spondin (R2 and R4; a kind gift from Avihu
Klar, Hebrew University, Hadassah Medical School, Jerusalem,
Israel). Endogenous peroxidase activity was blocked, and chro-
mogenic detection reaction was performed by using the DAB-
Map kit (Ventana). Primary antibodies were visualized by
incubating the sections with the respective antibodies for 1 h at
room temperature [anti-goat secondary probe Alexa Fluor 488
(Molecular Probes) diluted 1:500 in PBS, anti-mouse Texas red
(Molecular Probes) diluted 1:500 in PBS, and anti-rabbit Alexa
Fluor 594 (Molecular Probes) diluted 1:500 in PBS].

Microscopy. Confocal images were acquired by using an LSM 5
system and LSM 5 software (Zeiss, Göttingen, Germany).
Fluorescence and DIC images were acquired by using an Axio-
vert 135 system and AxioVision software (Zeiss).

BrdU Experiments and TUNEL Assay. Animals (P12) were injected
i.p. with BrdU (50 mg/kg of body weight; Sigma) dissolved in
0.9% NaCl and killed at P17. BrdU stainings were performed on
matched paraffin sections (5 �m) after 20 min of boiling in
citrate buffer (pH 6) for antigen retrieval using anti-BrdU

antibodies (Becton Dickinson, Mountain View, CA) diluted 1:50
in antibody dilution buffer (1% BSA/0.1% gelatin in PBS, pH
7.2). TUNEL assays were performed with the In Situ Cell Death
Detection Kit (Roche Applied Biosciences).

SVZ Explants. SVZ explants were prepared as reported (4). Briefly,
newborn pups were genotyped at P2–P3 and killed at P5 by
decapitation. Brains were dissected and placed in cold OptiMEM
(Gibco–Invitrogen, Carlsbad, CA). Slices (350 �m) were obtained
by using a vibratome (Leica, Wetzlar, Germany). The SVZ was
dissected from the lateral wall of the anterior horn of the lateral
ventricle and cut into pieces of 250–350 �m in diameter. The
explants were mixed with Matrigel (Becton Dickinson) and cul-
tured in four-well dishes. After polymerization (20 min) 500 �l of
serum-free medium supplemented with B-27 (Gibco–Invitrogen),
50 ng/ml insulin (Novo Nordisk, Graz, Austria), 100 �M putrescine
(Sigma), 1 nM progesterone (Sigma), and glutamine and penicillin/
Streptomycin (Gibco–Invitrogen) was added. Cultures were main-
tained in a humidified, 5% CO2, 37°C incubator. After 50 h explants
were monitored and the number of individual neurons per field and
the length of migratory chains were measured by using AxioVision
software (Zeiss). SVZ explants from WT mice were infected with
Ad5CMV-eGFP (Gene Transfer Vector Core, University of Iowa,
Iowa City, IA) with a titer of 1 � 1010 viral particles per milliliter
in OptiMEM for 1 h in a humidified, 5% CO2, 37°C incubator.
Infected explants where washed three times with 10 volumes of
OptiMEM, mixed with ApoER2�/�/VLDLR�/� explants, and kept
in culture under the same conditions described above.

Western Blots. Total protein extracts (20 �g) from forebrains
(P17, derived from two mice each) were resolved by SDS/PAGE,
and Western blotting was performed by using anti-gelsolin (goat
polyclonal, 1:500; Santa Cruz Biotechnology), anti-actin (mouse
monoclonal, 1:1,000; a kind gift from Vic Small, Institute of
Molecular Biotechnology, Austrian Academy of Science, Vi-
enna, Austria), and anti-Erk 1/2 (rabbit polyclonal, 1:10,000;
Sigma) antibodies.
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